Retinal signals are transmitted to cortex via neurons in the lateral geniculate nucleus (LGN), 43
not contribute to spiking. Although burst mode is commonly associated with sleep and the 48 disruption of retinogeniculate communication, bursts can also be triggered by visual stimulation, 49 thereby transforming the retinal signals relayed to the cortex. 50
To determine how burst mode affects retinogeniculate communication, we made 51 recordings from monosynaptically connected retinal ganglion cells and LGN neurons in the cat 52 during visual stimulation. Our results reveal a robust augmentation of retinal signals within the 53
LGN during burst mode. Specifically, retinal spikes were more effective and often triggered 54 multiple LGN spikes during periods likely to have increased T-Type Ca 2+ activity. Consistent 55 with the biophysical properties of T-Type Ca 2+ channels, analysis revealed that effect magnitude 56 was correlated with the duration of the preceding thalamic interspike interval and occurred even 57 in the absence of classically defined bursts. Importantly, the augmentation of geniculate 58 responses to retinal input was not associated with a degradation of visual signals. Together, 59
these results indicate a graded nature of response mode and suggest that, under certain 60 conditions, bursts facilitate the transmission of visual information to the cortex by amplifying 61 Usrey et al., 1998 Usrey et al., ,1999 . 128
Surgical procedures were preformed while animals were anesthetized. Surgical 129 anesthesia was induced with ketamine (10 mg/kg, IM) and maintained with thiopental sodium 130 (20 mg/kg, IV, supplemented as needed). A tracheotomy was performed and animals were 131 placed in a stereotaxic apparatus where they were mechanically ventilated. EEG, EKG, CO 2 132 and temperature were monitored throughout the experiment. A scalp incision was made and 133 wound edges were infused with lidocaine. A craniotomy was made over the LGN, the dura was 134 removed, and the craniotomy was filled with agarose to protect the underlying brain. Eyes were 135 adhered to metal posts, fitted with contact lenses, and focused on a tangent screen located 172 136 cm in front of the animal. Phenylephrine (10%) was administered to retract the nictitating 137 membranes and flurbiprofen sodium drops were administered (1.5 mg/hr) to prevent miosis. The 138 positions of area centralis and the optic disk were mapped by back-projecting the retinal 139 vasculature of each eye onto a tangent screen. After the completion of surgical procedures, 140 maintenance anesthesia (thiopental sodium (2-3 mg/kg/hr, IV) was administered for the 141 remaining duration of the experiment. Supplemental thiopental was given and the rate of 142 infusion was increased if physiological monitoring indicated a decrease in the level of 143 anesthesia. Once a steady plane of maintenance anesthesia was established, animals were 144 paralyzed with vecuronium bromide (0.2 mg/Kg/hr, IV). Animals were euthanized with Euthasol 145 (100 mg/kg; Virbac Animal Health, Fort Worth, Texas) at the conclusion of each experiment. ganglion cells. For thalamic recordings, the LGN was first located using single, parylene-coated 149 tungsten electrodes (AM Systems, Everett, WA). After the preferred retinotopic position was 150 located in the LGN, a 7-channel multielectrode array (Thomas Recording, Marburg, Germany) 151 was positioned into the LGN. Retinal ganglion cells were recorded from using a tungsten-coated 152 microelectrode inserted into the eye through an intraocular guide tube and maneuvered via a 153 custom-made manipulator. Neural responses were amplified, filtered and recorded to a 154 computer equipped with a Power 1401 data acquisition interface and the Spike 2 software 155 package (Cambridge Electronic Design, Cambridge, UK). Spike isolation was based upon 156 waveform analysis (parameters established independently for each cell) and the presence of a 157 refractory period as indicated in the autocorrelogram (Usrey et al., 2000 (Usrey et al., , 2003 . 158
Visual stimuli were generated using a VSG2/5 visual stimulus generator (Cambridge 159
Research Systems, Rochester, England) and presented on a gamma-calibrated Sony monitor 160 running at 140Hz. The mean luminance of the monitor was 38 candelas/m 2 . Visual responses of 161
LGN neurons and RGCs were mapped and characterized using drifting sine-wave gratings and 162 white-noise stimuli. The white-noise stimulus consisted of a 16x16 grid of black and white 163 squares. Each square was independently modulated in time according to an m-sequence of 164 length 2 15 -1 (Sutter, 1992; Reid et al., 1997) . Individual squares in the stimulus were updated 165 with each monitor frame for 2 15 -1 frames (~4 minutes). Approximately 4-16 squares of the 166 stimulus overlapped each neuron's receptive field center. Drifting sine-wave grating stimuli (4 167 Hz, 100% contrast) were presented at the preferred spatial frequency for the recorded cells. narrow (< 1.5 ms, full width at half height), short-latency (< 5 ms), and exceeded 5x the 174 standard deviation of the baseline (Cleland et al., 1971; Usrey et al. 1998 ). For quantitative 175 analysis, bins contributing to the peak were identified using a bin size of 0.5 ms. The peak bin 176 was first identified and all neighboring bins greater than 3 standard deviations above the 177 baseline mean were considered part of the peak, where the baseline consisted of bins ranging 178 from 30 to 50 ms on either side of the peak bin. 179
Retinal spike contribution and efficacy 180
Cross-correlation analysis was used to assess connectivity between cell pairs as well as 181 strength of connection. The monosynaptic peak in a cross correlogram was used to calculate 182 two measures of correlation strength, efficacy ( Figure 1B ) and contribution ( Figure 1D ; Cleland 183 et al., 1971; Usrey et al. 1998) . Efficacy is the number of spikes in the monosynaptic peak 184 divided by the total number of retinal spikes; contribution is the number of spikes in the peak 185 divided by the total number of LGN spikes. To the extent that peaks were caused by 186 monosynaptic connections, efficacy and contribution have very simple interpretations. Efficacy 187 represents the fraction of the retinal spikes that evoked geniculate spikes, and contribution 188 represents the fraction of the geniculate spikes that were caused by a spike from the RGC. Each square was temporally modulated according to a 2 15 -1 length m-sequence (Reid and 247 Shapley, 1992; Sutter, 1992; Reid et al., 1997) . The stimulus was updated either every frame 248 (7.1 ms) or fourth frame of the display (28.4 ms), and the entire sequence (∼4 or 16 min) was 249 typically repeated, up to 10x. To determine if LGN burst spikes were driven by visual 250 stimulation, LGN STRFS were calculated using either the full spike trains (all spikes) or spike-251 count matched subsets of data (e.g., only cardinal burst spikes). Spike-count matching was 252 done on a cell-by-cell basis by determining which subset had the least spikes and then 253 randomly subsampling the other subsets to have the same total. This was done so that the 254 signal-to-noise ratios (STN) were comparable within a given cell. The signal was estimated as 255 the amplitude of the 2D Gaussian fit (Matlab function fmincon) to the frame of the STRF 256 equation: Gij = K × exp[-(xi -x0) 2 /2 × σ 2 ] × exp[-(yi -y0) 2 /2 × σ2], where K is the amplitude, x0 and 258 y0 are the coordinates of the center of the receptive field, and σ is the standard deviation. Noise 259 was estimated as the mean value for three frames centered at t = +100ms. 260
Experimental design and statistical analysis 261
To quantify the relationship between retinogeniculate communication and thalamic response 262 mode we used generalized linear mixed effect models (GLME, Matlab function fitglme 263
Raudenbush and Bryk, 2001) using a Laplace fit method. This is done to take full advantage of 264 the number of data points collected (e.g., hundreds of thousands of retinal and thalamic spikes) 265 while accounting for differences between cells. The general form of a GLME is: 266
Here y is the outcome being modeled, x is matrix of fixed effects variables, β is a vector of fixed 268 effects coefficients, z is a matrix of random effects variables, µ is a vector of random effects 269 coefficients, ε is the residual error, f is the link function. β0 is the y-intercept, while βvariable name is 270 the coefficient of a specific variable (e.g., βISI). When analyzing the percentage of high-271 frequency spikes, these values were modeled using the identify function and as arising from a 272 normal distribution. In this case, the β coefficients represent the linear slope between the 273 predicted outcome and the fixed effect variable. When analyzing the percentage of spikes per 274 burst, these values were modeled using a log link function and as arising from a Poisson 275 process. When analyzing retinal contribution and retinal spike efficacy, these values were 276 modeled using a logit link function and as arising from a Bernoulli process (0s and 1s). For 277 example, retinal spikes were assigned values of 1s and 0s based on whether they triggered an 278
LGN action potential (1) or did not (0), as described above. In this case, the β coefficients 279 represent the influence of the fixed effect variable on the log of the odds ratio of the predicted 280 outcome. For each GLME model, cell identity was set as a random effect to account for 281 differences between cells. For illustrative purposes, data was binned and normalized (e.g., 282 Figure 6 ). Normalization was performed such that the average value (efficacy or contribution) 283 was set to 1.0. It is important to note that these transformations were done to represent effects 284 graphically that are difficult to directly represent based on Bernoulli variables; however, the 285 GLMEs models were fit to the raw values that were neither binned nor normalized. 286
When simpler statistical analyses were sufficient to compare two distributions, we first tested the 287 normality of the distributions using Lilliefors modification of the Kolmogorov-Smirnov test. If it 288 was determined that both distributions were not significantly different from normal distributions, 289 then a t-test was used to compare the means of the two samples, otherwise a Wilcoxon rank 290 sum test or a sign test was used. X and Y cells were classified based on the latency of the 291 monosynaptic peak (Usrey et al., 1999) . Using this measure, of the 29 cell pairs examined in 292 this study, 7 were X cell pairs and 22 were Y cell pairs. Results did not differ for these cell 293 groups; thus the 29 cell pairs were treated as a single group for the statistical analyses 294
presented. It should be noted that small differences between X and Y cells may have gone 295 undetected because of the small sample sizes inherent to studying monosynaptic connections 296 in vivo. 297
To quantify retinogeniculate communication during tonic and burst activity modes in the LGN, 300
we made simultaneous recordings of synaptically connected RGCs and LGN neurons in the 301 anesthetized cat. Retinal and geniculate neurons were excited with white-noise stimuli (n=29 302 cell pairs) and/or drifting sinusoidal gratings (n=15 cell pairs; see Materials and Methods). As 303 will be expounded upon in the discussion section, these stimuli were chosen because of how 304 their spatiotemporal profiles might differentially interact with geniculate response mode. 305
Geniculate bursts were identified using established criteria for extracellularly recorded spikes 306 (Lo et al., 1991). Specifically, a burst was defined as a sequence of spikes that met two criteria 307 ( Figure 2A ): (1) the first spike in the sequence followed an ISI > 100 ms, and (2) one or more 308 subsequent spikes followed with ISIs < 4 ms. Across 29 monosynaptically connected pairs of 309
RGCs and LGN neurons, we recorded 1,394,029 retinal spikes and 530,428 LGN spikes, 310
including 54,482 geniculate bursts (2 or more spikes). As expected, burst frequency was 311 significantly greater for LGN neurons than for RGCs ( Figure 2B -C; during white-noise 312 stimulation: RGC = 1.5% +/-0.3%; LGN = 16.1% +/-2.8%, p < 10 -5 ; during drifting grating 313 stimulation: RGC =0.24% +/-0.6%, LGN = 26.2% +/-4.7%, p < 10 -5 ). 314
Simulating thalamic bursts involving T-potentials 315
Given that the biophysical properties of T-channels are well characterized, simulations can be 316 T-channels on geniculate activity can be measured even in the absence of classically defined 326
bursts. 327
We hypothesized that visually evoked T-potentials will augment the transmission of 328 visual signals through the LGN because of the summation of retinal EPSPs with T-potentials. 329
Specifically, T-potentials are predicted to increase the ability of retinal spikes to trigger 330 geniculate spikes as well as cause single retinal spikes to trigger multiple LGN spikes. Further, 331
given the voltage and time dependence of the de-inactivation of T-channels, the influence of T-332 potentials on retinogeniculate communication should be dynamically regulated by the depth and 333 duration of the preceding membrane hyperpolarization ( Figure 3) . 334
Although membrane hyperpolarization cannot be directly measured from extracellular 335 recordings, it is likely that its influence on T-channel activity is correlated with the length of the 336
LGN cell's preceding ISI-the longer the ISI, the greater the probability of T-channel de-337 inactivation. To test this idea, we compared the probability that LGN cells generate high-338 frequency spikes (ISIs less than 4 ms) as a function of the LGN cells' preceding ISI. Results 339
show that percentage of high-frequency spikes from LGN cells increased dramatically as the 340 preceding ISI increased beyond 50 ms ( Figure 4A and B, white noise, βISI = 0.59±0.05, p < 10 -5 , 341 dist. = normal; drifting grating, βISI = 0.59±0.15, p < 0.0005, dist. = normal). This effect was not 342 seen for RGCs. Similarly, the number of spikes per burst was also directly dependent upon the 343 preceding ISI ( Figure 4C and D; white noise: βISI = 0.65±0.1, p < 10 -5 , dist. = Poisson; drifting 344 grating, βISI = 0.29±0.14, p < 0.053, dist. = normal). 345
Visually triggered geniculate bursts 346
The de-inactivation of T-channels that is fundamental to thalamic bursts can occur via 347 multiple mechanisms. During sleep and deep anesthesia, when thalamic neurons typically fire in rather involves intrinsic corticothalamic oscillations. Under these conditions, intrinsically 350 generated bursts decouple the retina from the LGN and therefore do not convey visual 351 information to the cortex. However, as we and others have shown previously, the 352 hyperpolarization needed to de-inactivate T-channels can also result from visual stimulation 353 Given these very different mechanisms for burst production and the implications each 356 mechanism would have on the interpretation of our data, we examined the spike trains of the 357 cells in this study to determine whether or not the bursts conveyed visual information. To do so, 358
we calculated space-time receptive fields from LGN responses to the white-noise stimulus using 359 only burst spikes and compared these response maps to those computed using a spike-count 360 matched subset of tonic spikes. As shown in Figure 5 (A and B) , burst and tonic maps had 361 similar signal-to-noise ratios indicating that the burst spikes were evoked by visual stimulation 362 (tonic spikes: 9.5±1.5, burst spikes: 10.6±1.3, p=0.54). Similarly, burst spikes recorded during 363 visual stimulation with drifting gratings were tightly phase locked to the stimulus ( Figure 5C and 364 D; tonic spikes circular variance: 0.12±0.02, burst spikes: 0.03±0.01, p=0.001). 365
Augmentation of retinal signals during visually triggered geniculate bursts 366
To test the hypothesis that visually evoked geniculate bursts are associated with an 367 amplification of the retinal signal within the LGN, we measured retinal spike efficacy as a 368 function of time since the most recent LGN spike. Using the assumption that the probability of T-369 channel de-inactivation increases as the LGN ISI increases in duration (see above), we 370 calculated retinal spike efficacy as a function of the "ongoing" LGN ISI ( Figure 6A ). For example, 371
if a retinal spike occurred 10 ms after the most recent LGN spike, the ongoing LGN ISI is 10 ms, 372 regardless of the timing of either the previous retinal spike or the next thalamic spike. If T-373 such ongoing LGN ISIs are predicted to trigger T-potentials and thus have an enhanced ability 375 to evoke a geniculate response. 376
Unsurprisingly, retinal spike efficacy was greatest during the shortest ongoing LGN ISIs 377 and decreased as this value approached 30 ms ( Figure 6B and C) . This is to be expected given 378 that most LGN spikes are triggered by retinal EPSPs and it takes approximately 30 ms for the 379
LGN membrane potential to return to baseline after these depolarizations occur (Usrey et al., binomial; drifting gratings: Burst β0 2.1± = 0.40 , Expected β0 -3.2± = 0.43, p < 10 -5 , dist. = 403 binomial). Importantly, a similar modulation was seen for individual tonic spikes that were 404 preceded by an ISI >100 ms ( Figure 7B and C; white noise: Long IS Tonic β0 -3.2± = -0.11, p < 405 0.0005, dist. = binomial; drifting gratings: Long ISI Tonic β0 = 0.34 ± = 0.43, p < 10 -5 , dist. = 406 binomial). Although, the increase in efficacy was greater following burst spikes compared to 407 tonic spikes (white noise: p = 0.073; drifting gratings: p < 0.005), it is clear that the modulation of 408 retinal efficacy is present even in the absence of classically defined bursts. As shown in Figure  409 7D and E the modulation of retinal spike efficacy is strongly dependent upon the LGN cells' 410 preceding ISI (white noise, high-frequency spikes: βISI 3.1±0.5, p < 10 -5 , low-frequency spikes 411 βISI 3.4±1.8, p = 0.047; drifting gratings, high-frequency spikes: βISI 5.3±0.25, p < 10 -5 , low-412 frequency spikes βISI 4.0±0.2, p < 10 -5 ). Further, the modulation of retinal efficacy begins to occur 413 following geniculate ISIs shorter than would constitute a thalamic burst. 414
Retinal contribution to geniculate burst spikes 415
Results presented above show that retinal spike efficacy is modulated by the preceding ISIs of 416
LGN cells in a manner consistent with the involvement of T-channels and the amplification of 
Retinogeniculate communication during visually driven LGN bursts can be explained by the 500 known properties of T-type Ca 2+ channels 501
Thalamic bursts are generated by the de-inactivation and subsequent activation of T-type Ca 2+ 502 channels (reviewed in Destexhe, and Sejnowski, 2001) . This occurs when a strong 503 hyperpolarization (de-inactivation) is followed by relatively rapid depolarization (activation). The (Figure 3 ). Because of this, we 509 hypothesized that T-channel activity could be estimated from the preceding LGN ISI. Consistent 510 with this hypothesis, we found an increase in the probability and duration of high-frequency 511 spiking (ISIs < 4 ms; the second criterion of a burst) as the preceding LGN ISI increased in 512 duration (Figure 4) . Likewise, there was a strong relationship between preceding LGN ISI and 513 the amplification of retinogeniculate transmission (Figures 6-9) . 514
During tonic response mode, it is generally assumed that each geniculate spike is 515 triggered by a specific retinal action potential (Kaplan and Shapley, 1984; Sincich et al., 2007) . 516
As is common for monosynaptic interactions, and is particularly true at retinogeniculate 517 synapses, cross-correlation analysis indicates that there is a precise monosynaptic window in 518 which the triggering presynaptic spike can be found prior to the postsynaptic response ( Figure  519 2). Although previous work has shown that the latency and duration of the monosynaptic 520 should not be confused with intrinsically driven activity that does not. 535
Stimulus dependent amplification of visual signals 536
The biophysical properties of T-channels also explain stimulus-dependent differences in 537 retinogeniculate communication during LGN bursts. In particular, the inferred influence of T-538 channels was greater with drifting grating stimulation compared to white-noise stimulation. This 539 difference likely reflects the different spatiotemporal properties of drifting gratings and white-540 noise. Namely, the periodic nature of drifting gratings ensures that LGN neurons alternate 541 between periods of strong excitation and strong inhibition, a pattern that is well suited for T-542 channel activity Smith et al., 2000) . By contrast, white-noise stimuli lack these 543 correlations, leading to the generation of fewer and weaker T-potentials. Consistent with these 544 differences, the amplification of visual signals was weaker and required longer geniculate ISIs 545 during white-noise stimulation compared to drifting grating stimulation. 546
These stimulus dependent effects can also align our results with those from a previous 547 study in macaque monkeys . In this study, results indicate that retinal 548 activity, as assessed using thalamic S-potentials, drives nearly all geniculate burst spikes. 549
Similar to the white-noise stimulus used in the current study, the pink-noise stimulus used in the 550 earlier study lacked the low-temporal frequencies that strongly de-inactivate T-channels, likely 551 resulting in subthreshold T-potentials that were more dependent upon retinal excitation to drive 552 geniculate action potentials. Although they did not examine the influence of geniculate bursts on 553 retinal spike efficacy, if our suggestion is correct, then similar increases in retinal spike efficacy 554 should be present in their data set. This would also indicate a shared mechanism across 555 species to augment retinal signaling during geniculate bursts. 556
Thalamic Burst Mode and Behavioral State
anesthesia when the membrane potential of geniculate cells is thought to be more 559 hyperpolarized than in the alert state. Under these conditions, the type of visual signal that is 560 most likely to trigger a T-potential is a strongly suppressive stimulus followed by a strongly 561 excitatory stimulus (Alitto et al., 2005) . Resulting bursts effectively amplify the geniculocortical 562 Figure 10 
